Virtual Bronchoscopy: Comparison of Different Surface Rendering Models www.tcrt.org The aim of this study was to compare different representation models of surface-rendered virtual bronchoscopy. 10 consecutive patients with inoperable primary lung tumors underwent thin-section spiral computed tomography. The structures of interest, the tracheobronchial system and anatomical and pathological thoracic structures were segmented using an interactive threshold interval volume-growing segmentation algorithm and visualized with the aid of a color-coded surface rendering method. For virtual bronchoscopy, the tracheobronchial system was visualized using a triangle-surface rendering model, a shaded-surface rendering model and a transparent shaded-surface rendering model. The triangle-surface rendering model allowed optimum detailed spatial representation of the dimensions of extraluminal anatomical and pathological mediastinal structures. As the lumen of the tracheobronchial system was less well defined, the rendering model was of limited use for depiction of the airway surface. The shaded-surface rendering model facilitated an optimum assessment of the airway surface, but the mediastinal structures could not be depicted. The transparent shaded-surface rendering model provides simultaneous adequate to optimum visualization and assessment of the intraluminal airway surface and the extraluminal mediastinal structures as well as a quantitative assessment of the spatial relationship between these structures. Fast data acquisition with a multi-slice detector spiral computed tomography scanner and the use of virtual bronchoscopy with the transparent shaded-surface rendering model obviate the need for time consuming detailed analysis and presentation of axial source images by providing improved the diagnostic imaging of endotracheal and endobronchial diseases and offering a useful alternative to fiberoptic bronchoscopy.
Introduction
Image data processing methods are becoming more and more important in clinical practice for interpretation and representation of complex anatomical findings and pathological changes as well as in the increasing use of multi-slice detector spiral computed tomography (MD-SCT) technology. MD-SCT scanners allow acquisition of data sets from large areas of the body with a reduction in slice thickness, without increasing the total scanning time required or compromising the tissue volume scanned within a given time. Therefore, over the last few years, efforts have been directed towards the technical development of high quality image data processing methods and their evaluation for clinical practice (1-3). The color-coded surface rendering method is an image processing technique which offers the possibility of carrying out virtual endoscopic examinations using different representation models. Spiral computed tomography (SCT) is the well established standard used for thoracic imaging and in detecting thoracic changes and provides important information regarding the operability and prognosis for lung tumors (4, 5) . Fiberoptic bronchoscopy is the method of choice that has become a routine procedure in the preoperative evaluation of thoracic and mediastinal tumors. It can be used for identifying early mucosal discoloration and changes as well as for obtaining samples for the purpose of accurate histological diagnosis but it is a relatively unpleasant procedure for patients (6) (7) (8) . Nevertheless, the use of thin-section SCT for the depiction and diagnosis of endotracheal and endobronchial disease and for planning the treatment of airway abnormalities is becoming increasingly importance (6, (9) (10) (11) (12) . Although the volume data sets of SCT data are usually reconstructed into a large number of axial source images for diagnostic interpretation, the axial image representation is not ideal for understanding the 3D anatomy and abnormalities, and pathological findings make their interpretation more complicated (13, 14) . Studies have shown that 3D reconstructions are a valuable diagnostic complement to axial source images, providing improved spatial representation of complex individual topographical features and hence a better assessment of pathological structures (13-15). Numerous investigators have reported quantitative and qualitative improvements in the diagnostic assessment of airway stenoses when alternative reconstruction techniques are used (6, (16) (17) (18) (19) (20) .
The purpose of this study was to demonstrate the possibilities and limitations of the color-coded surface rendering data processing algorithm which facilitates virtual endoscopic examinations with the aid of different representations models in clinical practice. We have specifically highlighted its use in the visualization and assessment of pathological changes in the chest.
Materials and Methods

Patients
Thin-section spiral computed tomography of the chest was performed on 10 consecutive patients (4 women and 6 men) with inoperable primary (central n=4 and peripheral n=6) lung tumors. The mean age ± SD of the patients was 55.4 years ± 9.4. Informed consent was obtained from all patients.
Data Acquisition
SCT examinations were carried out with a multi-slice detector SCT scanner (Volume Zoom; Siemens, Erlangen, Germany). Using this SCT scanner technology, the entire thorax can be scanned in thin sections with high spatial resolution during a single respiratory pause of 25 sec (scan range of 30 cm). An anterior-posterior scout-view was obtained for planning and determining the location of the scanning volume. Data acquisition was carried out in a caudo-cranial direction after a phase of hyperventilation with deep inspiration in order to improve breath-holding. This provides higher quality images and ensures optimum expansion of the bronchial system. Scans were acquired using a scanning time of 0.5 sec per rotation, slice collimation of 4 × 1.0 mm, slice thickness of 1.25 mm, table feed of 6.0 mm, tube voltage of 120 kV, tube current of 120 mAs and a 512 2 matrix. In order to obtain better differentiation and assessment of the mediastinal structures, iopromide 300 non-ionic contrast medium (Ultravist; Schering AG, Berlin, Germany) was automatically injected using a power injector (MCT Plus; Medrad, Pittsburgh, PA, USA) through a standard catheter inserted into an antecubital fossa vein. A volume of 80 ml was injected at a rate of 2.5 ml/sec with a scan delay of 20 seconds. The axial images were reconstructed using a 0.7 mm increment, 180°interpolation and a bone algorithm (Kernel B60s). After SCT data acquisition, the primary field of view was reduced as far as possible, depending upon the diameter of the thorax.
Three-dimensional Reconstruction
The data sets were transferred to a high performance graphic computer (ONYX; Silicon Graphics, Mountain View, CA, USA). The resolution was a 512 2 matrix. A software package, which was developed in-house, was used to render and manipulate the 3D models and for performing virtual endoscopy. In order to perform an interactive, automatic volume-growing segmentation process, it was necessary to define an individual threshold-based interval density value for each anatomical and pathological structure. Threshold intervals of -500 HU and -550 HU were used in order to maximize the objectivity of the segmentation process of the tracheobronchial system. All image reconstructions were performed by the same operator using the axial SCT data. The computer program allowed manual image control and magnification of specific regions of the axial SCT images. Marking a central voxel of the structure of interest partially automated the segmentation process. All the contiguous voxels of the marked voxel with a density within the chosen segmentation range were automatically included to define the structure. Adjacent voxels belonging to other anatomical and pathological structures which fell within the segmentation range were manually removed from the segmented area. After complete segmentation, automatic construction of geometric surfaces from the volume data of the structures of interest generates a complex polygonal 3D mesh consisting of a network of a million or more minute interlocking equilateral triangles. The final data processing stage was to achieve real-time manipulation of the object. The huge number of elements making up the surface-rendered models was reduced by preserving the global morphological characteristics using a process known as triangle decimation (21). The tracheobronchial system and the malignancies of the chest were color coded and displayed using a surface rendering method in the form of a triangle-surface or shaded-surface model.
Virtual Bronchoscopy
The computer program, which was developed in-house, has a viewer that allows intraluminal visualization and examination of the tracheobronchial system in real-time using a binocular head-mounted display. Input and navigation through the tracheobronchial system was facilitated with a glove control which guided the specially developed program. At any time during the virtual bronchoscopy, it was possible to change the surface-rendered model of the tracheobronchial system from the triangle-surface model (Fig.  1B) to the shaded-surface model (Fig. 1C ) and to the transparent shaded-surface model (Fig. 1D ). All models allowed measurements of volume and distance on any plane.
Image Interpretation
To demonstrate the advantages and the clinical value, the different models of color-coded surface-rendered virtual bronchoscopy were evaluated qualitatively with respect to the assessment of the airway surface and the anatomical and pathological mediastinal structures. Each case was read blindly and independently by two experienced readers using a score from 0 to 3 (0 = not depictable, 1 = insufficient, 2 = adequate, 3 = optimal). The results yielded from the different models of surfacerendered virtual bronchoscopy were then compared (Table 1) .
Results
In all patients, the entire volume of the thorax could be scanned in thin slices, which made it possible to reconstruct the images in arbitrarily fine increments from the volume data sets. The threshold density interval chosen for the automated segmentation facilitated differentiation of the tracheobronchial system as far as the sub-segmental bronchi. It was even possible to depict bronchi as far as the fifth bronchopulmonary segment, provided they were running perpendicular to the scan axis. The use of additional seed points allowed fine-tuning and greater control of the segmentation and also helped reduce the amount of segmentation leakage. Segmentation and visualization of different structures (e.g. the tracheobronchial wall, tumor lesions and anatomical structures) requires that they be separated by at least one voxel. Using high quality interactive threshold interval volume-growing segmentation, it takes up to 30 minutes to 
shaded-surface rendering model 3,0 ± 0,0 0,0 ± 0,0 transparent shaded-surface rendering model 2,5 ± 0,5 2,5 ± 0,5
Note.-Each case was read using a score from 0 to 3 (0 = not depictable, 1 = insufficient, 2 = adequate, 3 = optimal). Data are mean ± standard deviation.
depict the complete color-coded surface rendering model of the tracheobronchial system and the anatomical and pathological structures. Surface rendering provides an excellent overview and clear visualization of the complex spatial relationships between the anatomical and pathological features (Fig. 1A) .
Virtual bronchoscopy (Figs. 1B-D) could be performed in realtime. The rate-limiting step for depiction of all the 3D data sets was based on the generation of the surface-rendered images. This was the most operator-dependent part of the image processing, in which data could be included or excluded from the volume data set. Surface-rendered virtual bronchoscopy was carried out using different representation models. The trianglesurface rendering model of the tracheobronchial system ( Fig.  1B) allowed optimized detailed spatial representation of the dimensions of extraluminal anatomical and pathological mediastinal structures. However, it was of limited use for the depiction of the airway surface because the lumen of the tracheobronchial system were less well defined. The shaded-surface rendering model of the tracheobronchial system (Fig. 1C ) facilitated optimum assessment of the airway surface, but the mediastinal structures could not be depicted. The transparent shaded-surface rendering model of the tracheobronchial system ( Fig. 1D) facilitates simultaneous adequate to optimum visualization and assessment of the intraluminal airway surface and the extraluminal mediastinal structures as well as quantitative assessment of the spatial relationship between these structures.
Discussion
A color-coded shaded-surface rendering method incorporating the possibility of carrying out virtual bronchoscopy using different representation models was used for the purpose of this image data processing study. The triangle-surface model provides the basis for surface rendering, but is not suitable for carrying out virtual endoscopic examinations. Virtual bronchoscopy with a shaded-surface rendering model facilitates visualization similar to fiberoptic bronchoscopy but does not provide any significant far-reaching information. Virtual bronchoscopy with a transparent shaded-surface rendering model combines the advantages of surface and volume rendering with the possibility of simultaneous adequate to optimum visualization and assessment of the intraluminal airway surface and extraluminal mediastinal structures. In comparison with fiberoptic bronchoscopy, virtual bronchoscopy with a transparent shaded-surface rendering model represents an improved endoluminal visualization. It is possible to localize and determine the size of pathological airway lesions and tumors and their exact topographical relationship to extraluminal individual anatomical structures, particularly major mediastinal and hilar vessels. This would simplify decision making with regard to suitable operative techniques, in case where both the cause of an impression and its relationship to important mediastinal structures are known. Furthermore, this offers new perspectives, such as the direct correlation of virtual bronchoscopy with fiberoptic bronchoscopic viewing, and could also be useful for clarifying and planning transbronchial needle aspirations (TBNA), especially on small tumors and lymph nodes.
Computed tomographic bronchoscopy or virtual bronchoscopy is a recently developed special 3D visualization technique that uses thin-section spiral computed tomographic data of the thorax to produce realistic simulated endobronchial views (3, (22) (23) (24) (25) (26) (27) (28) (29) . The quality of the image processing method is directly affected by the SCT data acquisition parameters and any SCT limitations relating to spatial and contrast resolution (11, 12, 16, (30) (31) (32) . There are two fundamentally different methodical approaches for generating 3D image processing, which also form the basis of virtual bronchoscopy. These are the surface rendering and the volume rendering approaches (1-3, 33, 34) . In surface rendering, the image information of the volume data set is given a weighting related to the importance of the defined and segmented structures of interest. This method requires an operator to select the threshold values for the volume-growing segmentation in order to create an airway model that represents the tracheobronchial wall and air interface (35, 36) . The choice of threshold density value or threshold density interval value for surface rendering substantially influences both the apparent size of the segmented structures and measurements and also the extent of the segmentation leakage (23). Surface-rendered virtual bronchoscopy is generally faster than volume-rendered virtual bronchoscopy and can be performed in real-time (23). A fundamental disadvantage of surface-rendered virtual bronchoscopy is the loss of extraluminal information (6). Naidich et al. (10) and Fleiter et al.
(7) therefore consider the correlation of virtual bronchoscopy with the corresponding cross-sectional SCT images for the detection and evaluation of extraluminal causes of lumen compression and experience with 3D image reconstructions combined with a good understanding of endoscopic viewing of the tracheobronchial system to be essential requirements here. The volume rendering method preserves all the image information of the whole SCT volume data set by facilitating direct 3D visualization of the volume data set. Furthermore, it can also be used to create realistic simulated endoluminal views with the possibility of assessing adjacent mediastinal structures (37, 38). A disadvantage of volume-rendered virtual bronchoscopy is its poor assessment of the airway surface which restricts its use in evaluating airway surface abnormalities, such as stenosis. Virtual bronchoscopy with a transparent shaded-surface rendering model utilizes the advantages of both surface and volume rendering and facilitates assessment of structures behind the tracheobronchial wall without the need for time consuming detailed analysis of axial source images.
Virtual bronchoscopy has advantages over fiberoptic bronchoscopy. It is well tolerated by patients, non-invasive and does not require sedation. Proposed uses of virtual bron-choscopy as a complementary procedure to fiberoptic bronchoscopy include evaluating airway stenosis, guiding transbronchial needle aspiration biopsy and screening the airways for endobronchial malignancies (24, 38) . It is always possible to correlate virtual bronchoscopy findings with the corresponding cross-sectional SCT images. This permits evaluation of extraluminal causes of lumen compression and facilitates differentiation of the reasons for partial and complete occlusions caused by anatomical structures (e.g. the aortic arch and tracheal cartilage), artificial changes (due to respiratory and movement artifacts resulting from cardiac and arterial pulsation and secretions) and pathological structures (caused by tumors and/or lymph nodes) (7, (9) (10) (11) . Virtual bronchoscopy could therefore be an important tool in preoperative diagnostics as well as in the precise planning of operations and clarification of operability, provided both the cause of the impression and their exact topographical relationship to important mediastinal structures are known. Virtual bronchoscopy can even pass severe stenoses caused by tumors, with the advantage to assess the length and the areas beyond these stenoses (6, 7). Virtual bronchoscopy is potentially useful in tumor aftercare, after lung transplantation and in tumor screening (6, 7, 10) . In patients with negative findings and persisting symptoms further clarification using fiberoptic bronchoscopy will be necessary (6). On the other hand, virtual bronchoscopy could be used for short-term monitoring in cases of primary suspect findings in fiberoptic bronchoscopy. Virtual bronchoscopy is potentially a very useful, non-invasive tool for the precise planning and follow-up of surgical, interventional and palliative therapy for extended lesions stemming from the removal of tumors and in alternative approaches such as endoscopic laser and cryotherapy, dilation, stent placement, after-loading and so on. Performing virtual bronchoscopy with inspiration und expiration acquired SCT volume data makes it possible to carry out functional examinations of the central tracheobronchial system.
The disadvantages of virtual bronchoscopy are derived from the SCT technology itself. A significant disadvantage is the radiation exposure required for scanning the volume SCT data set which is dependent upon the choice of the parameters for the data acquisiton. The data from some studies (6, 7, 17, 39, 40) suggest that virtual bronchoscopy is extremely accurate, albeit not 100%, in the detection and grading of focal bronchial lesions and stenoses (6). Distal located portions of the bronchial system can only evaluated with virtual bronchoscopy using special threshold intervals and they must be free of viscous secretions or coagulated blood (7). A further disadvantage of virtual bronchoscopy is the inability to reproduce specific bronchoscopic findings -especially portraying the mucosal surface -and accurately depict changes in color and friability of bronchial mucosal abnormalities (6, 7). Endobronchial, submucosal or peribronchial extension and discrete infiltrations, small intraluminal impressions of focal changes and also tumors were often not detectable or are underestimated by virtual bronchoscopy (7, 10). Therefore, virtual bronchoscopy is not used for the purpose of verifying infections, ischemia and dehiscence after lung transplants (6). Virtual bronchoscopy can only detect the morphological appearance of endoluminal diseases, bronchial irregularity or the presence of discrete intraluminal filling defects. These do not provide a basis for histological diagnosis (10). Moreover, virtual bronchoscopy cannot be used for obtaining specimens for further cytological, microbiological or histological clarification (7).
Conclusions
High quality image data processing can enhance the understanding of data sets obtained from spiral computed tomography (SCT) and this will increase both its acceptance and its diagnostic value in clinical practice. Until now, virtual endoscopy based on data sets of SCT has played only a minor role in tracheobronchial system diagnoses compared with fiberoptic bronchoscopy. In cases of suspected thoracic tumors, further clarification using SCT is necessary. Slight changes in data acquisition using a thinner slice thickness could make it possible to carry out virtual bronchoscopic examinations. In some patients this would eliminate the need for fiberoptic bronchoscopy. Performing virtual bronchoscopy with optimized and improved representation (transparent shaded-surface rendering model) is a high quality image processing method that allows simultaneous adequate to optimum intraluminal visualisation and assessment of airway surfaces and lesions. Extraluminal mediastinal structures can also be examined and a quantitative assessment of the spatial relationship between these structures carried out. Therefore, virtual bronchoscopy with a transparent shaded-surface rendering model improves the diagnostic imaging of endotracheal and endobronchial diseases and provides diagnosis data without the need for time consuming detailed analysis and presentation of axial source images (13, 15, 41) . This new technique offers a useful non-invasive alternative to fiberoptic bronchoscopy and is particularly promising for patients in whom fiberoptic bronchoscopy is not feasible, contraindicated or refused. Fast data acquisition using multi-slice detector SCT (MD-SCT) scanners with subsequent virtual bronchoscopy is already a valuable resource when treating patients who are non-complaint or in intensive care and also children. Furthermore, virtual bronchoscopy can be used for individual planning, simulation, training and the development of surgical, interventional and palliative therapies. It is also likely to be increasingly accepted as a screening method for people with suspected endobronchial malignancies -similar to virtual colonoscopy -as well as in control examinations in the aftercare of patients with malignant diseases.
